The human X-linked phosphoglycerate kinase (PGK) gene, which is expressed in all somatic cells, was cloned and its structure was determined. The gene is interrupted by 10 introns and spans 23 kilobases. When projected on the three-dimensional structure of the PGK protein molecule, splice junctions are located between established peptide domains. In particular, an intron separates the two mononucleotide subdomains of the ATP-binding regpn, and additional introns divide each of these subdomains between their characteristic a-strands. Similar correlations are found in the bipartite NAD-binding domains of alcohol dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase. Furthermore, in each case the nucleotide-binding domain is separated from the catalytic domain by at least one intron. The homology of the exon organization in structurally similar regions of these three enzymes suggests that a nucleotide-binding domain evolved by gene duplication and was subsequently dispersed to different proteins through a process of intron-mediated recombination.
the bipartite NAD-binding domains of alcohol dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase. Furthermore, in each case the nucleotide-binding domain is separated from the catalytic domain by at least one intron. The homology of the exon organization in structurally similar regions of these three enzymes suggests that a nucleotide-binding domain evolved by gene duplication and was subsequently dispersed to different proteins through a process of intron-mediated recombination.
Most protein-encoding genes of higher eukaryotes are interrupted by introns. Gilbert has suggested that the resulting exons encode functional protein units, which could be reassorted into new combinations during evolution via recombination within introns (1) . In this way, existing protein functions would be combined to create new functional entities, thereby accelerating evolution. Blake extended this idea by pointing out that exons should also encode folded domains so that novel hybrid proteins would be capable of forming stable structures (2) . Similar mechanisms may have operated at the level of RNA early in evolution (3) .
The structures of a number of contemporary genes provide evidence in support of these hypotheses. Thus, correlations between gene and protein structures for individual cases or for closely related members of multigene families have revealed that distinct functional and structural domains are encoded by exons (4) (5) (6) (7) (8) (9) (10) . An additional way of testing these evolutionary proposals is to compare the gene structures of proteins having common structural/functional domains in association with dissimilar domains that contribute their unique features. One such case is the nucleotide-binding domain that is present as the cofactor-binding site in a number of dehydrogenases, kinases, and other proteins (11, 12) . In particular, the three-dimensional structures of phosphoglycerate kinase (PGK; EC 2.7.2.10), alcohol dehydrogenase (ADH; EC 1.1.1.1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) indicate that these proteins are composed of a common nucleotide-(either ATP or NAD) binding domain in combination with unique catalytic domains (13) (14) (15) . The dispersion of the nucleotidebinding domain by recombination at the level of either RNA or DNA would clearly have been of selective advantage early in evolution, when nucleotides attained a central role in cellular reactions (3) .
We report here the structure of the functional human X-linked PGK gene and demonstrate a similar intron/exon pattern within the nucleotide-binding domains ofPGK, maize ADH (16) , and chicken GAPDH (17) .
MATERIALS AND METHODS
DNA from a human 48,XXXX cell line (GM1416) was digested-with Eco RI and fragments greater than 4.5 kilobases (kb) were cloned in the phage vector XgtWES by using standard procedures (18) . A second genomic phage library of flow-sorted human X chromosomes was kindly provided by L. Kunkel and S. Latt. PGK-specific clones were obtained from both libraries by screening with the cDNA insert from pHPGK-7e (19) . Restriction mapping, fragment subcloning, and plasmid isolation were carried out by established methods (18) . DNA sequencing was performed as described by Maxam and Gilbert (20) .
RESULTS AND DISCUSSION
Cloning and Structure of the Functional X-Linked PGK Gene. We previously isolated a full-length cDNA clone (pHPGK-7e) that encodes human X-linked PGK (19) . Subsequent analysis revealed the existence of two independent PGK genes on the human X chromosome (21) . One is the functional PGK gene that is expressed in all somatic cells, while the second is a processed pseudogene (21) .
The entire functional PGK gene was isolated in three phage clones, 3(2), C3a, and C16a (Fig. 1C) human PGK differs from that of the horse enzyme at only 11 be very similar in the two species. The horse PGK molecule of 416 positions (19, 23) , the protein structures are likely to is composed of two domains of equal size (Fig. 3) 6%7 COOH-terminal domain, residues 190-404, is responsible for the binding of ADP and ATP and has the characteristic fold of the nucleotide domain, a sheet of six parallel P-strands connected by a-helices (11) (12) (13) (14) 23) . The NH2-terminal domain, residues 1-189 and 405-416, contributes the phosphoglycerate-binding site and the catalytic residues (23). Its structure is generally similar to that of the COOH-terminal domain but differs in the order of the strands in its central ,B-sheet.
Since the sizes and three-dimensional structures of the two domains are similar, the PGK molecule might have evolved by duplication of a single ancestral domain. However, when projected on the horse PGK structure, the locations of the 10 introns in the human PGK gene do not reveal any significant homology in size or structural position of exons between the two domains (Fig. 3) . This evidence argues against gene duplication as an origin of the two PGK domains. An alternative evolutionary history is suggested by the following comparison.
Homology of Intron Placement in the Nudeotide-Binding Domains of PGK, ADH, and GAPDH. Fig. 4 compares the structure of the human PGK gene with that of maize ADH (16) and chicken GAPDH (17) . All three enzymes contain a nucleotide-binding domain, COOH-terminal in PGK and ADH, and NH2-terminal in GAPDH, associated with structurally dissimilar catalytic domains. On the basis of the presence of conformationally similar NAD-binding units in several different dehydrogenases, it was proposed that the nucleotide-binding domain evolved by divergence from a common ancestor and combined with individual catalytic domains by gene fusion (11, 12) . The six-pB-stranded nucleotide-binding domain could be divided into two equivalent three-p-stranded units that contain binding sites for the adenine and nicotinamide bases of NAD at homologous positions (25) . The complete nucleotide binding domain may have evolved by the combination of two of these mononucleotide subdomains. It is noteworthy that, despite differences in the actual cofactor, PGK contains a bipartite ATP-binding site analogous to that for NAD in the dehydrogenases.
Since these ideas on the origin of nucleotide-binding proteins were developed solely on the basis of protein structures, it is striking that the intron/exon patterns of three such genes show considerable similarities in the region of the tsagcostsscttggstgatttsttstcatatagctcsgtcacactgsgtasctgsagsgsstttastsssggsctscsgCetsgseatgst~sgtesacectstsatee........ nucleotide-binding domain (Fig. 4) . In each gene, this domain is specified by five exons. ( The presence of what appears to be the final residue of this domain on exon 6 of GAPDH is a matter of precise definition of the domain boundary.) Furthermore, in each gene the first mononucleotide subdomain is encoded by three exons, while the second mononucleotide subdomain is encoded by two exons. At a finer level of structure, the three /-strands of the first subdomain (/3A, /3B, and /C) are encoded in each gene by separate exons, while in the second subdomain of the two dehydrogenases the first /-strand (J3D) is encoded separately and the second and third /-strands (/E and /F) are encoded together by a single exon. This pattern is reversed in the second mononucleotide subdomain of PGK, /D and /3E being specified by one exon and /3F by another (Fig. 4) .
Correlations between gene structure and the nucleotidebinding domain have previously been reported separately for ADH (16) and GAPDH (17) . For each it was noted that introns occur at at least one of the boundaries between the nucleotide-binding and catalytic domains, and also at the junction between the first and second mononucleotide subdomains (Fig. 4) . These relationships can now be extended to PGK. For example, intron 10 splits the codon for residue 404, which had previously been defined as one of the crossover points between the ATP and catalytic domains (23) , and intron 8 is located in the link between the two mononucleotide subdomains. There is, however, no intron close to residue 189, which is the second site of crossover between the two PGK domains (23) . It is possible that an intron was originally present at this interdomain boundary in the PGK gene but was subsequently lost (26) or moved by mutation of the appropriate splice junctions (27) . Alternatively, these segments of the cofactor and catalytic domains of PGK may have been brought together by recombination between exons rather than introns (see below).
It was recently noted that the nucleotide-binding folds of pyruvate kinase (PK; EC 2.7.1.40) and ADH have weak sequence homology, though correlation of intron positions in the corresponding genes was not apparent (24) . However, several features of PK are unique in comparison to PGK, ADH, and GAPDH. First, the nucleotide-binding fold in PK is only a three-/3-stranded structure that resembles a single mononucleotide subdomain in PGK and the dehydrogenases. Second, the PK nucleotide-binding fold is not functionally equivalent to the corresponding regions of the other proteins (28) . Third, PK is more closely related to triosephosphate isomerase, which has a similar a/,8 barrel structure (28) . Since these differences imply at best a remote evolutionary relationship between PK and other nucleotide-binding proteins, it is not surprising that its gene structure is dissimilar to those considered here.
Evolution and Dispersal of the Nudeotide-Binding Domain. The similarity of exon patterns and the correlation of intron locations with both domain and subdomain boundaries in PGK, ADH, and GAPDH provide independent support for the previously proposed evolution of nucleotide-binding proteins (11, 12) . In addition, the current findings suggest an intron-mediated pathway for this occurrence.
The (24, 26, 27) .
Since the enzymes in the present comparison have key metabolic functions, it is probable that their ancestors catalyzed fundamental reactions in the earliest progenitor cells. Furthermore, close structural relationships have been observed for the same enzyme from diverse species ranging from complex eukaryotes to bacteria and yeast, implying common evolutionary origins. This comparison applies to human (19) , horse (23) , and yeast (15) PGK, as well as to ADH from maize, horse, and yeast (16) , and to GAPDH from several bacteria, yeast, lobster, pig, chicken, and man (17) . Given the apparent evolutionary relatedness ofthese proteins from different species, it is striking that the corresponding genes have markedly different structures-the yeast genes for PGK (31) , ADH (32) , and GAPDH (33) are all devoid of introns, in contrast to their multiply interrupted higher eukaryotic counterparts (Fig. 4) . As has been suggested (3, 29, 30, 34) , the split gene organization may have been present in the original ancestral cells with only the descendants of present-day prokaryotes and lower eukaryotes having lost their introns under selective pressure. Therefore, confirmation of the evidence presented here for the intron-mediated evolution and dispersal of the nucleotide-binding domain not only would validate Gilbert's exon-shuffling hypothesis (1) but also would demonstrate that early cells indeed had a split gene organization within which gene shuffling could occur.
